The genus Neisseria comprises bacteria that live in close association with the mucosal surfaces of animals. The colony opacity-associated (Opa) outer membrane proteins of these gram-negative organisms are adhesins that play a major role in interactions with mucosal epithelia and endothelia. Opa proteins have been implicated in the virulence of the pathogenic species Neisseria meningitidis, the meningococcus, and Neisseria gonorrhoeae, the gonococcus (21) . The Opa proteins may also act as immunomodulators, enabling interactions with macrophages, neutrophils, and CD4 ϩ T cells (2, 6, 18, 32, 52) . These effects are mediated by interactions with members of the carcinoembryonic antigen cell adhesion molecule (CEACAM) family of proteins (9, 18, 52, 53) and host cell surface polysaccharides (10, 36, 49, 50) .
Meningococcal Opa proteins are highly diverse, with different variants exhibiting specific interactions with human cells. The outcomes of in vitro infections of human cells by meningococci expressing different Opa proteins range from no adhesion to adhesion only or adhesion followed by invasion. These differences are determined by combinations of amino acid sequence variations present at each of three variable regions of Opa protein sequences (4, 5, 14, 17, 19, 35, 36, 38, 51) . The Opa proteins are thought to exhibit the ␤-barrel topology typical of a number of outer membrane proteins of gramnegative bacteria, with the variable sequences corresponding to three of four putative extramembranous loops that extend from the surface of the bacterium and are consequently available for interaction with host molecules (Fig. 1) (13, 33) .
Most meningococcal isolates express up to four Opa protein variants, encoded at four loci (opaA, opaB, opaD, and opaJ) dispersed throughout the genome (39, 45) . These genes are constitutively transcribed, with expression of a full-length protein controlled at the translational level by a phase-variable pentameric repeat region within the opa gene open reading frame (29, 43) . Nucleotide sequence analysis of a number of opa genes revealed that the high level of diversity of Opa proteins is generated by mutation within and genetic recombination between opa loci, both among loci in the same genome and among loci in different meningococci (23, 24) .
Horizontal genetic exchange plays a major role in the generation of genetically and antigenically diverse populations of N. meningitidis, which comprise large numbers of diverse genotypes (27) . These genotypes can be identified using a number of methods, but multilocus sequence typing (MLST) (31) , which characterizes the sequence variation in seven housekeeping genes, has become the standard technique for the investigation of meningococcal population structure (47, 56) . Genotypes are identified by MLST as sequence types (STs), which are combinations of alleles at each of the seven loci. Groups of related STs are referred to as clonal complexes, which are equivalent to the clusters, complexes, clones, subgroups, and lineages previously described by studies employing multilocus enzyme electrophoresis (8) .
Comparisons of the genotypes of meningococcal isolates obtained from patients with invasive meningococcal disease with those collected from asymptomatic carriers have shown that whereas carried isolates are genetically and antigenically highly diverse (27) , most meningococcal disease is caused by a limited number of clonal complexes known as the hyperinvasive lineages (7, 56) . Individual clonal complexes are often associated with particular combinations of surface antigens, including capsular polysaccharides (which are used to assign the meningococcal serogroup) and outer membrane proteins (which define the serotype and subtype). These associations, however, are not absolute (44) . Meningococcal clonal complexes are valuable in epidemiological analysis as well as representing evolutionary units (28, 48, 56) .
In the present study, the distribution of Opa protein variants within and among clonal complexes representing the major hyperinvasive lineages of N. meningitidis was determined by nucleotide sequencing of all opa loci in each isolate. Although the level of diversity of the opa genes and Opa proteins was high, the distribution of variants among meningococci was analogous to that of a number of other meningococcal antigens, with particular combinations of variants consistently associated with the same clonal complexes over decades of global epidemic spread. These data have important implications for studies of the functional roles of individual Opa proteins and their combinations in mediating adhesion to and invasion of host cells by meningococci.
MATERIALS AND METHODS
Meningococcal isolates, propagation, and DNA isolation. A total of 77 meningococcal isolates were examined, representing the seven hyperinvasive meningococcal lineages responsible for the majority of invasive meningococcal disease worldwide during the second half of the 20th century, i.e., the ST-1, ST-4, ST-5, ST-8, ST-11, ST-32, and ST-41/44 complexes. The isolates were collected between 1937 and 1996 from diverse geographic locations and were chosen to include diverse members of each meningococcal hyperinvasive lineage. These isolates have been characterized extensively (31, 48) , and a full description of them, including year and location of isolation and MLST and antigen gene sequencing data, is available at http://pubmlst.org/neisseria/links.shtml.
Genomic DNA was prepared by culturing isolates as previously described (27) before genomic DNA extraction using a DNA Mini kit (QIAGEN, Crawley, United Kingdom) according to the manufacturer's instructions.
PCR amplification and nucleotide sequence determination of opa genes. Meningococcal opa loci were amplified in separate PCRs with locus-specific oligonucleotide primer sets (Eurogentec, Southampton, United Kingdom). The opaA locus was amplified with primers O3510 (TAC GCT GCA GAA AAT GAA TCC AGC CCC C) (37) and tyrA (ACA TCG GAA ATC CAA GTG TGT TCC) at a final concentration of 1 M (each), the opaB locus was amplified with primers O3510 and O464 (AAG GCG AGG TAG GAT TGC) (37) at a final concentration of 1 M (each), the opaD locus was amplified with primers O87 (GCG CAC GCC CAA TGA GAC TTC GTG GG) (37) and ppx (TTT GAA CGA ATC GAT AAC TTT CAA CTG TCC) at a final concentration of 0.4 M (each), and the opaJ locus was amplified with primers O87 and pipP2 (CTC AAC CGC CTG AAC CAA CG) (31) at a final concentration of 0.05 M (each). Individual amplification reaction mixtures (50 l) contained premixed deoxynucleoside triphosphates (dA, dC, dT, and dG; Applied Biosystems, Warrington, United Kingdom) at 0.2 mM (each), Taq DNA polymerase (2.5 units), and reaction buffer (QIAGEN, Crawley, United Kingdom). The volume of the reaction mix was adjusted to 48 l using MilliQ water before the addition of approximately 100 ng of meningococcal genomic DNA in a volume of 2 l.
The standard PCR cycling conditions employed were as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 68°C for 1 min 30 seconds. The reaction mixtures were subsequently cooled to 4°C for storage. Reaction conditions were optimized for the amplification of each locus by varying the annealing temperature and extension time, as follows: for the opaA and opaJ loci, the annealing temperature was 60°C and the extension time was 10 min; for the opaB locus, the annealing temperature was 55°C and the extension time was 5 min; and for the opaD locus, the annealing temperature was 53°C and the extension time was 8 min.
Following PCR amplification, the nucleotide sequences, including the regions of opa genes encoding the three hypervariable loops of Opa proteins (Fig. 1) , were determined for both DNA strands by using the oligonucleotide primers MH4 (CGT GAT GTC GAA ACC GAC ACC G) (24) and fwdseq (GCA GGC GGC AAG TGA AGA CG), which were targeted to conserved sequences present in all known opa gene sequences. Extension products were subsequently separated using either an ABI377 or ABI3700 DNA analyzer (Applied Biosys- Manipulation of sequence data. The nucleotide sequence at each locus was determined at least once for each DNA strand. Sequence data from forward-and reverse-strand chromatograms were assembled into single contiguous sequences using the Staden software package (42) , and the resultant nucleotide sequences were trimmed to the first nucleotide of the codon encoding the tyrosine residue of the sequence YAAERITH, located in the putative first transmembrane strand, and the nucleotide preceding the translated amino acid sequence GLG in the putative sixth transmembrane strand. This region defined the opa alleles employed in this work, encompassing the three variable putative extramembranous loops.
Amino acid sequence homology groups for the variable regions were identified by multiple sequence alignments constructed manually in the SEQLAB program, which is part of the GCG10 sequence analysis package (55) . Alignments were based on amino acid sequence similarity, and codon integrity was maintained. The SV region was defined as spanning the amino acid sequence between, but not including, RITH and STVS; the HV1 region was defined as spanning the amino acid sequence between, but not including, YRKW (at the end of the third putative ␤-strand) and NGSF (at the start of the fourth ␤-strand); and the HV2 region was defined as spanning the amino acid sequence between, but not including, RVAY (at the end of the fifth ␤-strand) and GLGV (at the start of the sixth ␤-strand).
Phylogenetic analysis. Genetic p distances were calculated using the MEGA v3.0 software package (30) , with compensation for sequence alignment gaps by using a pairwise deletion method. Phylogenetic trees were constructed using the maximum likelihood (ML) method of the PAUP* package (D. L. Swofford, Sinauer Associates, Sunderland, Mass., 2003). The general time reversible model of nucleotide substitution was used, with values for the nucleotide substitution matrix, the proportion of invariable sites, and the shape parameter (␣) of rate variation among sites (with four categories) estimated during tree reconstruction. ML phylogenies were reconstructed by analyzing concatenated aligned sequences of the opa loci from each isolate, giving a single sequence with a total length of 2,211 bp. The ML method was employed to group similar isolates and was not a reliable indicator of deeper phylogenetic structure in meningococci due to the high level of recombination in this species (15, 16, 28) . Other tree-drawing methods were also applied and gave results consistent with those obtained with the ML method (data not shown). Phylogenies of concatenated opa sequences were compared to those reconstructed for concatenated MLST alleles and concatenated antigen gene sequences (porA, porB, and fetA) from the same collection of isolates (48) .
Nomenclature. The nomenclature system proposed for opa loci and Opa proteins (22) combines an allele number with the locus designation; for example, opaA1 designates allele 1 at the opaA locus and opaB1 designates an identical sequence at the opaB locus. Identical Opa protein sequences encoded by different nucleotide sequences are assigned the number of the allele with which they were first associated; for example, the alleles opaA1 and opaA2 may both encode an identical protein designated Opa1. This system has the advantage that the highest possible level of discrimination among opa alleles is obtained by the assignment of unique numbers to individual alleles that may differ by as little as a single nucleotide change. A major disadvantage is that no information on the degree of similarity among Opa proteins is included, as proteins differing by only a single amino acid are assigned different allele numbers. Such closely related sequences may be more likely to possess similar functional abilities than two Opa proteins sharing little sequence similarity in their variable regions. A simple, comprehensive method of describing this diversity and the relationships among variants would therefore greatly facilitate comparisons of functional studies of Opa proteins.
In the present study, a modified nomenclature for Opa proteins and opa genes is employed that accommodates the diversity in opa genes and Opa proteins and the relationships among diverse variants or different loci. In this scheme, the locus origin of the gene is included after the allele number; for example, opaA132 L93/4286 and opaD132 L93/4286 represent the same allele found in the opaA and opaD loci of isolate L93/4286. For the amino acid diversity of Opa proteins, a scheme similar to that employed for the meningococcal PorA serosubtyping antigen was adopted (40) . Unique identifying numbers were assigned to individual sequence homology families and their members according to the following convention: variable region designation, followed by amino acid sequence homology family number, followed by the individual amino acid sequence variant identifying number. For example, opa1, SV:2-1, HV1:1B-4, HV2: 6-1 indicates the unique nucleotide allele opa1, which encodes an Opa protein with the first amino acid variant of the second homology family in the SV region, the fourth variant of the 1B family (the alphabetical designation indicates a subgroup of the first homology family) in the HV1 region, and the first variant of the sixth family in the HV2 region. The major advantage of this system is that the regions which are likely to define receptor specificity can be characterized and compared among different Opa proteins, within and among isolates, and also among Neisseria species, as the opa genes from different members of this genus are homologous (46, 54) . Allele and variable region sequences are available at http://neisseria.org/nm/typing/opa/. The correlation of the nomenclature scheme described herein with that previously published is given in the supplemental material, which provides a comprehensive list of the previously published nomenclature (33; M. Achtman, personal communication) along with the relevant GenBank accession numbers and the new nomenclature proposed.
Nucleotide sequence accession numbers. The GenBank accession numbers for the opa alleles sequenced in this study are DQ777637 to DQ777726.
RESULTS

Diversity of opa genes and Opa proteins.
In the 308 loci examined, corresponding to 4 loci in each of the 77 isolates, 90 opa alleles were observed, encoding 83 different polypeptides. The average nucleotide p distance among alleles was 13.4%. For the SV region, nine peptide variants which grouped into four sequence homology families were observed, with an average nucleotide p distance of 8.3% for the corresponding part of the gene. The SV:2 amino acid sequence homology family was most common in this data set, being present in 217/308 (70.5%) loci examined, and the SV:4 family accounted for a further 62/308 (20.1%) loci. For the HV1 region, 45 peptide variants were observed, which were grouped into 16 homology families (average corresponding nucleotide p distance, 24.2%), with the HV1:1 family being the most common, as it was present at 49/308 (15.9%) loci. For the HV2 region, there were 49 variants assigned to 19 homology families (average corresponding nucleotide p distance, 25.7%), and the HV2:1 sequence family was most common, being present at 83/308 (26.9%) loci.
There were 40 combinations of HV1/HV2 sequence homology families and 65 combinations of HV1/HV2 sequence homology family variants among the 90 alleles identified. The most prevalent HV1/HV2 family combination was HV1:11, HV2:1, which was present at 34/308 (11%) loci examined. This combination was found in 12 ST-1 complex isolates (with all variations present at the opaJ locus), 11 ST-11 complex isolates (9 opaD and 2 opaA variants), and 3 ST-41/44 complex isolates (all opaJ variants) and at the opaD loci of all 8 ST-8 complex isolates. The hypervariable region combination HV1:19, HV2:14 was found at 31 loci, with 1 locus in an ST-1 complex isolate (opaA), 8 loci in ST-11 complex isolates (all opaJ), 20 loci in ST-32 complex isolates (10 opaA and 10 opaJ), and 2 loci in an ST-8 complex isolate, at the opaA and opaJ loci of isolate B6116/77. The other most common combinations were HV1:3, HV2:1, which was present at 24 loci; the combinations HV1:1, HV2:8 and HV1:2, HV2:1, which were present at 22 loci each; and HV1:17, HV2:17, which was present at 21 loci.
Distribution of opa gene diversity within and among hyperinvasive clonal complexes. In each of the seven clonal complexes examined, particular opa alleles were consistently observed at each locus ( Table 1 ). The most common alleles at each locus in the ST-11 complex were opaA244 (8/10 isolates), opaD132 (9/10 isolates), and opaJ317 (6/10 isolates). Two further isolates possessed genes encoding related Opa proteins, which varied in their HV1 regions from HV1:19-1 to HV1: . At the opaB locus, the most common allele was opaB34 (3/10 isolates), with another combination (SV:4-3, HV1:5-5, HV2:8C-1, which was encoded by two alleles, opa244 and opa339) present in three other isolates. The most common alleles in the ST-32 complex were opaA96 (9/10 isolates), opaB185 (6/10 isolates), opaD147 (8/10 isolates), and opaJ218 (9/10 isolates). The opaA and opaJ loci of all ST-32 complex isolates were similar, with identical HV1 regions and similar HV2 regions. In the ST-4 complex, the predominant alleles were opaA242 (10/11 isolates) and opaD296 (7/11 isolates). In this clonal complex, the opaD310 allele, which is related to opaD296, was present in one other isolate, and the combination SV:2-1, HV1:17-3, HV2:9B-1, encoded by two alleles, opa309 and opa315, was present at this locus in the remaining three isolates. The opaB278 allele was present at the opaB locus in 4 of 11 isolates, and the gene at the opaJ locus was absent in all isolates except for A4/M1027, in which the opaJ242 allele (identical to opaA242 in this clonal complex) was observed. The opaA and opaD loci of the ST-5 complex were similar to those of the ST-4 complex, with opaA242 observed in 11 of 12 isolates and opaD296 observed in 8 of 12 isolates, and all but one isolate (isolate 153; SV:4-3) had the combination SV:2-1, HV1:17-3, HV2:17-8 at the opaD locus. The opaB253 allele was present in 6 of 12 ST-5 complex isolates, and the opaJ127 allele was present in all isolates.
In the ST-8 complex, the HV1:15-3, HV2:12-2 combination predominated at 13 of the 32 loci examined and was present at three of the four opa loci, including opaA (five of eight isolates), opaB (three of eight isolates), and opaJ (five of eight isolates). This combination was encoded by four alleles (opa246, opa256, opa257, and opa277). For three of these alleles, the SV:2-2 variant was present, accounting for 10 of the 13 loci, whereas three other isolates had the SV:4-2 variant encoded by opa257. At the opaD locus, opaD161 was observed in all isolates.
The predominant allele at each locus for the ST-1 complex was opaA243 (5 of 14 isolates), with another isolate, 120 M, sharing an identical HV1/HV2 combination. The opaB326 (7 of 14 isolates), opaD77 (7 of 14 isolates), and opaJ325 (8 of 14 isolates) alleles were also common. Four other isolates shared similar opaJ variable regions with opaJ325: isolate 20 shared an SV/HV1 combination, and isolates 79128, 79126, and 371 shared HV1 and HV2 combinations.
In the ST-41/44 complex, opaA245 (4 of 12 isolates) and opaB201 (4 of 12 isolates) were the most common alleles, with another isolate, 50/94, sharing an identical HV2 region to that encoded by opaB201. The opa265 allele was present at the opaB locus in another 3 isolates, whereas this allele was also observed at the opaD locus in 4 of 12 isolates, with another isolate (91/40) sharing identical variable region variants. In contrast to the diversity at the other three loci, the opaJ213 allele was present in the majority (9/12) of ST-41/44 complex isolates.
Recombinational reassortment of opa gene sequences. Evidence for recombinational reassortment of opa sequences, including gene mosaic structures and whole gene conversion events, was present throughout the data set. Examples where common descent could not be differentiated from recombinational replacement as an explanation for the possession of identical sequences included the similarity of the opaA and opaD loci in isolates belonging to the ST-4 and ST-5 complexes; the identical HV1:3-6, HV2:1-1 combination at the opaJ loci of most ST-5 and ST-41/44 complex isolates; the presence of the HV2:14-1 variant at the opaB locus in the majority of ST-1 and ST-11 complex isolates; and the identical hypervariable region variant combination (HV1:11-1, HV2:1-4) at the opaD locus in all ST-8 complex isolates and at the opaJ locus in most ST-1 complex isolates.
Further support for the effect of recombination in shaping the Opa repertoire was provided by isolates belonging to the ST-8 and ST-41/44 complexes, in which high allelic diversity was observed at each locus but identical alleles, candidate whole gene conversion events, or identical hypervariable regions were present at multiple loci. Evidence of frequent genetic exchange was observed among the opaA, opaB, and opaJ loci of members of the ST-8 complex and among the opaA and opaJ loci of members of the ST-32 complex. For the ST-41/44 complex, the effect of recombination was also observed with the exchange, possibly by whole gene conversion, of the opa201 and opa265 alleles among the opaA, opaB, and opaD loci. A possible exchange of identical sequences among clonal complexes was also observed, for example, in the presence of the opa132 allele at the opaD loci of the majority of ST-11 complex isolates and also in the opaJ locus of isolate M40/94 of the ST-41/44 complex. Further examples include the shared identical HV1:3-6/HV2:1-1 combination belonging to the ST-41/44 and ST-5 complexes, which was also found in isolate BRAZ10, belonging to the ST-11 complex, and the opaB253 allele, which is present in members of the ST-4 and ST-5 complexes.
Temporal and geographic distribution of Opa protein variants and combinations of variants. Both temporal and geographic structuring of the Opa protein repertoire was apparent. For example, the variable region combination SV:2-1, HV1:2-3, HV2:1-8 was encoded by the opaA gene in most (21/23) isolates belonging to the ST-4 and ST-5 complexes, while the combination SV:2-1, HV1:17-3, HV2:17-8 was present at the opaD locus in 19 of 23 isolates. These combinations persisted for at least 55 years during spread over five continents. The opaJ127 allele in the ST-5 complex also persisted for 29 years over four continents. For the ST-11 complex, the combination of the opaA244 and opaD132 alleles persisted over 4 decades and four continents. The opa317 allele at the opaJ locus and the opa34 allele at the opaB locus persisted from 1964 to 1989. Similar structuring was apparent at the opaA (opa96), opaD (opaD147), and opaJ (opa218) loci in ST-32 complex isolates, and this combination of alleles persisted for 11 years after this complex first caused an outbreak in 1976 which spread between Europe and South America. The opaD161 allele was associated with the ST-8 complex for 29 years over three continents, despite the allelic variability at other loci in this clonal complex, at which the HV1:15-3, HV2: 12-2 combination had also persisted for 24 years across the same three continents. For the ST-1 complex, temporal structuring was apparent for all loci, but the duration of persistence of alleles was shorter than in the cases described above. For example, the opaA243, opaB326, and opaJ325 alleles were observed in isolates spanning periods of at least 13 years and four or five continents each, whereas opaD77 was present in isolates collected over a period of 10 years from five continents. The earliest isolate belonging to the ST-41/44 complex in the data set was collected in 1986, and between then and 1994, the opaA245, opaD265, and opaJ213 alleles persisted on multiple continents.
Phylogenetic analysis of hyperinvasive meningococcal Opa protein repertoires. The sequences corresponding to the opa repertoire of each isolate (all opa alleles present) were concatenated, translated, and aligned manually (nucleotide p distance, 13.1%); this alignment was then analyzed to construct an ML tree (Fig. 2) . The ST-4 and ST-5 complexes formed a single cluster on the tree, consistent with their similar Opa repertoires, which varied only in the opaB allele and the opaJ locus (the gene was absent from ST-4 complex subgroup IV-1 isolate A4/M1027). The presence of the shared opaB253 allele caused the ST-4 complex isolates 10 and 243 to cluster among ST-5 complex isolates. Isolate S4355, belonging to the ST-5 complex, appeared to cluster away from related isolates due to the presence of the opaA253 allele, potentially due to a recombination event involving the identical allele at the opaB locus. Isolates belonging to the ST-11 and ST-32 complexes and all but one isolate belonging to the ST-8 complex formed individual clusters, as did most (9/12) isolates belonging to the ST-41/44 complex. Isolate B6116/77 differed from other ST-8 complex isolates at the opaA and opaJ loci, with a single, more divergent allele present at both loci. Isolates NG E30 and NG H36 differed from other members of the ST-41/44 complex by their possession of a common opaA24 allele. Isolate NG H15 appeared among a group of ST-1 complex isolates due to their common opaD and opaJ loci, which are distinct from those of other members of each complex. The remaining (8/14) ST-1 complex isolates formed a single cluster. The phylogeny of concatenated opa sequences was consistent with the ML phylogenies reconstructed for concatenated MLST alleles and concatenated antigens (porA, porB, and fetA) (48) .
DISCUSSION
The diversity of meningococcal Opa proteins has hampered the elucidation of the roles of individual variants and combinations of variants in both asymptomatic colonization and the development of disease. In the present study, a total of 90 opa alleles encoding 83 Opa protein variants were identified in 308 loci from 77 meningococcal isolates examined, representing seven hyperinvasive lineages. In addition to confirming (33) and defining the great diversity in these proteins, the data provided evidence for extensive structuring of this diversity within meningococcal populations.
Comparison of the ML phylogenies for concatenated opa genes with equivalent phylogenies generated from either concatenated MLST genes or three concatenated variable outer membrane protein genes (porA, porB, and fetA) showed that the opa gene repertoire reflected both clonal complex structure and structuring in the repertoires of other antigens. In addition, in isolates belonging to the same clonal complex, particular alleles were consistently found at each of the four opa loci. In most clonal complexes, these variants were consistently observed at the same locus during global spread, often spanning decades, indicating that particular meningococcal genotypes encode characteristic Opa repertoires. These observations imply the existence of a mechanism that operates to stabilize Opa repertoires in meningococci.
Several mechanisms can explain the genetic structuring in bacterial population data. The simplest of these is descent, with the asexual nature of bacterial reproduction inevitably leading to a clonal population structure characterized by linkage disequilibrium and a tree-like phylogeny. This mechanism operates in the absence of frequent horizontal genetic exchange and therefore is unlikely to be the explanation for the structuring of the Opa repertoire in the meningococcus, which exhibits high levels of horizontal genetic exchange and a nonclonal population structure (15, 16, 28) . Furthermore, there was extensive evidence of horizontal genetic exchange in the opa data, including the distribution of identical alleles among diverse meningococci. This, combined with the strong diversifying selection that acts on these loci, would tend to randomize opa repertoires. The epidemic clone model postulates that a degree of clonal structure may occur in recombining populations as a consequence of the short-term expansion of particular genotypes, such that individual clones arise from time to time and come to dominate in the population (34) ; however, this is not a likely explanation for Opa repertoire structuring, as the isolates investigated here were collected over several decades and from widely separated geographic areas (31) .
The association of particular Opa repertoires with individual clonal complexes over decades of global spread could be maintained if the particular combinations of Opa proteins confer fitness advantages for transmission from host to host (58) . Such a model could also accommodate minor variations: such variants could be a consequence of sequence variation that arises in individual hosts, conferring a fitness advantage within that host as a consequence of immune evasion but resulting in less fitness for transmission among hosts.
The biology of the Opa proteins suggests two mechanisms that might stabilize repertoires by introducing fitness differences among meningococci. These mechanisms could act separately or in combination. First, Opa proteins are important surface antigens that are exposed to the immune system, and it has been shown that host immune responses can shape antigenic repertoires at the population level, even in recombining populations. Simulations have shown that the host immune response can act at the population level to structure pathogen populations into nonoverlapping antigen islands, where pathogen variants are diverse and do not share individual variants at different loci. Such structures have been observed for other meningococcal antigens, in addition to that reported here for the Opa proteins (20) .
The second mechanism stems from the role of Opa proteins as mediators of bacterium-host cell interactions in that sequence variation among opa variants is likely to lead to functional variation among Opa proteins, resulting in differences in, for example, adhesion to host receptors (Table 2 ). In experiments performed in vitro, most Opa proteins tested bind to CEACAM1 (38, 52, 53) , and sequence differences in their three variable regions determine their specificities for other receptors (4, 5, 14, 17, 19, 35, 36, 38, 51) . Conservation of the Opa repertoire may therefore be a consequence of conservation of functionally important combinations of Opa proteins, with particular combinations conferring different effects on transmission fitness through alternative affinities and avidities for different receptors.
The evolution of the Opa repertoire in Neisseria species may be an example of protein promiscuity (1, 25) , in which a genetic duplication event is followed by functional specialization of the duplicated gene product with an alternative substrate while maintaining an affinity for the original substrate. In the case of Opa proteins, an evolutionary requirement for multiple receptor specificities could explain the differences in receptor specificities of individual variants but the maintenance of CEACAM1 binding. Furthermore, this concept might explain the presence of multiple opa loci in the genomes of meningococci and other Neisseria species (3, 43, 46, 54) . VOL. 74, 2006 MENINGOCOCCAL Opa PROTEIN REPERTOIRE 5091
Multiple mechanisms could act in concert, reconciling the need for nonoverlapping antigenicity with functional promiscuity, with both of these requirements enhanced by the phase variability of opa genes. The extent to which the Opa repertoire exerts effects on the fitness of individual clonal complexes has yet to be determined, however, and will require elucidation of the functions of individual variants and of clonal complexassociated combinations.
Whatever the mechanism leading to the structuring of the Opa repertoire, the observed repertoire structure has a number of implications for investigations of Opa function. First, notwithstanding the great diversity in Opa proteins, the number of Opa variants requiring investigation in a given clonal complex is limited. Second, a quarter of the total number of loci examined contained alleles encoding the HV2:1 sequence homology family (the HV1:11 and HV2:1 family combination was the most predominant). Alleles encoding this HV2 family were widespread and predominated in at least one locus in all clonal complexes except the ST-32 complex. These data may reflect conservation of an advantageous functional ability.
Although the genetic traits defining the differing pathogenicities among meningococcal clonal complexes remain to be completely elucidated, differences in their Opa repertoires are potentially important. A number of examples of associations between individual genetic traits and particular clonal complexes have been reported, including differently distributed restriction-modification systems, plasmids (11, 12) , a diseaseassociated prophage, and the OpcA adhesin (41, 57) . As with the Opa proteins, particular variant combinations of the porin proteins PorA and PorB and the iron transport protein FetA are associated with given hyperinvasive lineages during global epidemic spread over periods measured in decades. Such structuring has been proposed as the basis for future meningococcal vaccines (48) . The conserved antigenicity of individual clonal complexes is also being exploited in the development of "tailormade" outer membrane vesicle vaccines. Together with these studies, the investigation of the Opa repertoire described here further demonstrates the value of population-based analyses in the generation of novel prophylactic strategies for antigenically diverse pathogens.
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